Biotechnology Information (NCBI) database, we chose to design primers in conserved 1 4 5 regions of the sea lamprey mitochondrial molecule. For that, we built a database with 1 4 6 sequences from D-loop (control region), mtATP8 and mtATP6 genes from sea lamprey, 1 4 7 brook lamprey and river lamprey (Lampetra fluviatilis). All sequences were extracted from 1 4 8 the NCBI database. After aligning 100 lamprey sequences with the full mitogenome of sea 1 4 9 lamprey to validate positions and confirm conservatism within the target species, 1 5 0 primer/probe design was conducted in Primer3 (Rozen & Skaletsky, 2000) . assay mix and 2ul of DNA template. Thermocycler conditions were the following: holding 1 7 2 stage at 50 °C for 2 mins, initial denaturation at 95°C for 10 mins followed by 40 cycles of 1 7 3 denaturation at 95 °C for 15 s, and annealing at 60 °C for 1 min. All reactions were 1 7 4 performed in triplicates, with negatives included in each plate. Note that these sequential 1 7 5 dilutions were later used as standards in all subsequent reactions. Detection of amplified 1 7 6 product was quantified with CT-thresholds with specialized ABI software®. All laboratorial 1 7 7 material was exposed to UV light for 20 minutes prior to performing any protocol. The 1 7 8 mixture of reagents and preparation of plates was done in a sterilized hood (constant-1 7 9 velocity) that was bleach-cleaned for 2 hours and left to dry overnight prior to work. to empirically confirm they did not also amplify DNA of other species. The control for cross-1 8 6 species amplification was performed on previously extracted DNA of the 16 most common 1 8 7 freshwater fishes in the River Frome and surrounding waterbodies, with the assay applied to 1 8 8 samples of 10 ng·ul -1 from brook lamprey, roach (Rutilus rutilus), common bream (Abramis Sequencing of the six ammocoetes (three pigmented and three non-pigmented) produced a 2 3 9 419 base pair fragment and molecular inference of species-specific polymorphisms confirmed 2 4 0 that the early stage pigmented ammocoetes were sea lamprey (Fig. 2 ). For the 10-fold serial dilution of sea lamprey DNA, the limit of detection was 5·10 -5 µg·µl -1 , 2 4 4 with a mean cycle threshold value (C t ) of 37 (SD ± 0.02). The C t values with DNA dilutions 2 4 5 in later cycles (>37), corresponding to 5·10 -6 µg·µl -1 and 5·10 -7 µg·µl -1 , were unreliable due 2 4 6 to their probability of detection being below the 95 % confidence level. There was no cross 2 4 7 amplification with off-target species. DNA molecules were detected in sediment samples after exposure with live juveniles for the 2 5 1 three time intervals, with C t ranging from 31.93 to 35.95, although there were no significant 2 5 2 differences in terms of C t detection as a response to time in the sediment (ANOVA specimens:time 2 5 3 stamp : F 6,18 = 0.257, P = 0.95) ( Fig. 3 ). However, there was a significant difference between 2 5 4 individual detection values. Field application of eDNA assay to detect ammocoetes in low abundance conditions Particles in sediment patches where sea lamprey ammocoetes were found had a mean size of 27.18µm (+/-0.68 SD), and thus smaller than those estimated from immediately upstream and 2 5 9 1 3 downstream locations (U average particle size = 38.72 µm, +/-1.91 SD; D average particle size = 38.72 2 6 0 µm, +/-1.91 SD); ANOVA site:location : F 10,60 = 184.68 ; P<0.001 ( Fig S1) .
6 1
The application of eDNA assay to the five river sites where ammocoetes were sampled in 2 6 2 previous years revealed that DNA molecules of sea lamprey were detected only where 2 6 3 ammocoetes were found on this field survey. Specifically, and despite intensive effort, we 2 6 4 found only two ammocoetes in one of the two sampling attempts of site S (S_C2) and three Monitoring activities aiming to screen for the presence of species that utilize less conspicuous 2 7 4 habitats is challenging. With short stays in rivers as adults to spawn but with extended 2 7 5 development phases as larvae burrowed in sediment, monitoring of sea lamprey is 2 7 6 challenging. Indeed, when reproduction and nesting events are rare or unable to be detected Our assay revealed to be highly efficient in detecting DNA molecules of sea lamprey both 2 8 4 in standard solvents and in sediment samples. Indeed, it was able to detect the presence of sea detected were likely to have been shed during the intense period of burrowing activity. Whilst 2 9 1 it has been suggested that the concentration of free DNA molecules in a given environment is (Lacoursière Roussel, Côté, Leclerc, & Bernatchez, 2016), we argue that the capacity to 2 9 4 detect free range DNA molecules also varies with the proximity of the sampled patch to the 2 9 5 presence of individuals. Interestingly, we further observed significant differences between 2 9 6 1 5 individual C t thresholds, suggesting that variation in individual DNA release (whether by 2 9 7 movement, skin shedding or excretion) could also be a determining factor to consider in suggest that although negative results should be treated with some caution, given uncertainty be overcome with further work on understanding the persistence of DNA following the 3 0 8 movement of a species to a different location. Recently, an eDNA assay using water samples was developed to identify key spawning 3 1 0 areas for sea lamprey, including an investigation of the impact of physical barriers that 3 1 1 prevent the species fully utilizing its potential spawning habitat (Bracken et al., 2019) . Whilst 3 1 2 useful for mapping the spatial distribution of spawning areas, the utility of the tool is limited 3 1 3 by the short temporal window during which spawning occurs. Such an approach might also 3 1 4 be inefficient when the spawning activity is lower than expected, such as in years of low The eDNA assay here developed will be of most benefit to ongoing sea lamprey monitoring if used as a complement to other general management practices, such as quantitative quadrat-
based-or semi-quantitative electric fishing (Cowx, 2003) . Furthermore, DNA-based 3 2 1 monitoring enables increased knowledge on sea lamprey ammocoete distribution to be 3 2 2 generated, namely related to the identification of potential nursery habitats in terms of depth. Through the analyses of sediment cores from deeper regions of a river, the eDNA assay also has the potential to facilitate the assessment of this species´ downstream migration to the sea 3 2 9
and investigate the accuracy of expected successive settlement / emergence events from one 3 3 0 sediment patch to another. The eDNA assay here developed offers an improvement to sea lamprey current monitoring 3 3 2 strategies. By targeting the sediment, we are proposing a holistic sea lamprey monitoring 3 3 3 strategy able to be employed all year round to river areas that are critical for the species' life 3 3 4 history. contributed to revising the manuscript and all authors approved its submission. pigmented tails. Below, neighbour-joining phylogenetic tree built with mt-COI fragments. where spent in the sediment. Only between individuals we found a significant difference of 3 7 4 reported of detection threshold. M  a  t  e  u  s  ,  C  .  S  .  ,  R  o  d  r  í  g  u  e  z  -M  u  ñ  o  z  ,  R  .  ,  Q  u  i  n  t  e  l  l  a  ,  B  .  R  .  ,  A  l  v  e  s  ,  M  .  J  .  ,  &  A  l  m  e  i  d  a  ,  P  .  R  .  (  2  0  1  2  )  .  L  a  m  p  r  e  y  s  o  f  4  2  9  t  h  e  I  b  e  r  i  a  n  P  e  n  i  n  s  u  l  a  :  d  i  s  t  r  i  b  u  t  i  o  n  ,  p  o  p  u  l  a  t  i  o  n  s  t  a  t  u  s  a  n  d  c  o  n  s  e  r  v  a  t  i  o  n  .   E  n  d  a  n  g  e  r  e  d  S  p  e  c  i  e  s   4  3  0   R  e  s  e  a  r  c  h  ,  1  6   (  2  )  ,  1  8  3  -1  9  8  .  4  3  1  M  c  G  i  n  n  i  s  ,  S  .  ,  &  M  a  d  d  e  n  ,  T  .  L  .  (  2  0  0  4  )  .  B  L  A  S  T  :  a  t  t  h  e  c  o  r  e  o  f  a  p  o  w  e  r  f  u  l  a  n  d  d  i  v  e  r  s  e  s  e  t  o  f  s  eu  e  n  c  e  4  3  2  a  n  a  l  y  s  i  s  t  o  o  l  s  .   N  u  c  l  e  i  c  A  c  i  d  s  R  e  s  e  a  r  c  h  ,  3 
